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Introduction
Due to its extremely short switching times and excellent viewing angle [2] , the bend cell is a promising candidate for field-sequentialcolor microdisplays. The bend (π) cell is generally considered to be the fastest nematic LC mode [3] .
The ease and low cost of manufacturing bend cells makes them suitable for volume production. A bend cell is purely a retardation device, with retardation decreasing with increased voltage [ figure 1] .
One of the difficulties with the use of bend cells is the fact that the bend state is not stable at low voltages. Below the critical voltage V c , the splay state (and in some cases the 180° twist state) has a lower free energy, and tends to nucleate and grow, replacing the desired bend state. Thus, it is necessary to keep at least V c applied over each pixel at all times. This reduces the available voltage range, limiting the extent to which we may vary retardation in the cell.
It has been demonstrated that the bend cell may be used in field-sequential color directview flat panel displays. In this paper, we will investigate the applicability of bend cells to microdisplay devices.
Modeling Software
In order to optimize a bend-cell display over a complete parameter space, we required accurate and compatible dynamics and optics calculation modules. For this purpose, we chose to use D.W. Berreman's BackV and LROPA modules [4, 5, 6] . These are perhaps the oldest and most accurate available programs, and due to their simple file-based I/O system, are particularly well suited for use as black box calculation engines to be called by customized control programs.
We developed a Visual Basic Graphical User Interface (GUI) which takes initial conditions, material parameters, and applied voltage waveforms from the user, then runs Berreman's dynamics calculation program. The calculated director configuration is then displayed as a function of time.
Such information as the free energy of the director configuration is also available to the user.
In addition to optics of direct-view displays, it was necessary that our program could handle the more complex geometry's of projection devices. Thus, our program would call Berreman's optics module multiple times for the calculation of each wavelength, in order to calculate optics through an initial polarizer optical stack, the primary liquid crystal reflective stack, and an exit polarizer / retarder stack. Thus, with an arbitrary applied waveform, the optical output of our system may be calculated as a function of time and a wavelength.
Design Parameters
In using a bend cell in a reflective configuration, it is necessary to have the difference in retardation between the voltage on and off states be at least λ/4 for any particular wavelength. Since the total retardation in the field-applied state must be zero in order for an achromatic black to be obtained, a uniaxial film may be used to cancel the retardation of the black state. S Vision's proprietary silicon design and drive algorithm allow a dynamic voltage range of 5V. The lower voltage may be set to V c , which allows the upper voltage limit to be (V c + 5V). Thus, we wish to determine the material, cell thickness, and pretilt which will give us a change in retardation of λ/4 for red light (longer wavelengths corresponding to the largest necessary change in retardation) as quickly as possible for a voltage change of 5V.
Display Optimization
The need for a large change in retardation for a relatively small change in voltage suggests that we use a material with a high birefringence and a high dielectric anisotropy. The additional requirement of fast switching suggests that a material with low viscosity is preferable. We chose to use Merck material MLC-6080 because it fit these requirements very well. Material parameters for MLC-6080 are as follows:
Our method of optimization is as follows: First, we determine V c for various cell gaps with a fixed standard value pretilt (6°). Then, we determine the retardation difference between V c and (V c +5V) for each cell gap to find if that thickness is acceptable. Since thinner cells tend to have shorter response times and better viewing angle characteristics, the smallest acceptable cell gap will be used. Then, the critical voltage and available retardation for that cell gap are calculated for various pretilts. Finally, the switching times and optics will be calculated, and the optimized state will be compared to experiment. We will look at cell gaps of 3.0, 3.5, 4.0, and 4.5 microns.
V c for a particular configuration is determined by calculating the energy of the bend and splay states as a function of voltage for that configuration. The calculation of energy levels for the states separately is possible because the states are topologically not equivalent. Thus, by setting our initial conditions to a splay or bend state, we may calculate energy for that state even at voltages where it may not exist in reality. The crossover point of the free energies gives the critical voltage, as may be seen in figure 2. A plot of how cell thickness influences V c may be seen in figure 3. The critical voltage tends to decrease only slightly with increasing cell gap. Because increasing the voltage puts the cell into a more homeotropic state, high values of V c decrease the available retardation of these devices. Surface pretilt is seen to have a significant effect on the critical voltage. Figure 4 shows how a very low pretilt significantly increases V c in a 4 micron bend cell. In considering the effects of pretilt in bend cells, we must remember that a low pretilt has the advantageous effect of making the director near the surfaces of the cell less homeotropic, therefore increasing the total retardation. A more important indicator is the total amount of retardation change between V c and V max in a particular display device. In our case, V max is V c + 5V. Figure 5 shows the dependence of retardation change vs. pretilt for various cell thickness'.
Optimized Configuration
From figure 5, we may conclude that a bend-cell display with sufficient retardation for use in reflective microdisplay applications may be constructed. The smallest cell thickness that may be used is 4 microns, which requires that a pretilt of 8° be used. The display would operate in the voltage range 2.08 to 7.08 V. Note that the requirements for shorter wavelengths are less stringent than those used in this optimization, so figure 5 shows the worst case scenario. In order to compensate the residual retardation of the field-applied state, use of a retardation film providing about 200 nm of retardation will be necessary.
Additionally, a slightly smaller voltage range may be used for subframes corresponding to green or blue light.
Simulated optical response of this device for 650nm light is shown in figure 6 . Note that the time necessary for the display to reach a full black state is about 0.5 ms, while the device reaches 90% of full brightness in about 1.9 ms. Figure 7 shows the measured response from such a device. The response of the device agrees very well with our calculations. The longer switching time (that is, 1.9 ms) provides us with a maximum of 525 full configuration changes per second.
In applications where the virtual image is viewed, LEDs with switching times on the order of nanoseconds may be used to provide the three color bands. Thus, we may be confident that this display could be updated at a rate of 500 Hz, which corresponds to a frame time of 166 Hz.
Contrast Ratio and Viewing Cone
A plot of calculated display contrast for various incident light angles may be seen in figure 8. Note that we the contrast increases greatly for displays with high F numbers (and therefore low brightness.) This display would therefore be best suited to virtual display applications, where total luminance is not at a premium. A negative retardation film could be added in series with the above for applications where a symmetric viewing cone is a requirement. 
Conclusions
We have determined the optimized configuration for an optically compensated bendcell-based CMOS microdisplay. This configuration allows for simple construction with standard cell gaps and pretilts, and may be run with existing electronics without nucleation of the splay state. Such a display would provide excellent contrast with a refresh rate of over 200 Hz, ideal for numerous projection display applications. 
